Deformable Image Registration (DIR) has been extensively studied over the past two decades due to its essential role in many image-guided interventions. Morfeus is a DIR algorithm that works based on finite element biomechanical modeling. However, Morfeus does not utilize the entire image contrast and features which could potentially lead to a more accurate registration result. A hybrid biomechanical intensity-based method is proposed to investigate this potential benefit. Inhale and exhale 4DCT lung images of 26 patients were initially registered using Morfeus by modeling contact surface between the lungs and the chest cavity. The resulting deformations using Morfeus were refined using a B-spline intensity-based algorithm (Drop, Munich, Germany). Important parameters in Drop including grid spacing, number of pyramids, and regularization coefficient were optimized on 10 randomly-chosen patients (out of 26). The remaining parameters were selected empirically. Target Registration Error (TRE) was calculated by measuring the Euclidean distance of common anatomical points on both images before and after registration. For each patient a minimum of 30 points/lung were used. The Hybrid method resulted in mean±SD (90 th %) TRE of 1.5±1.4 (2.8) mm compared to 3.1±2.0 (5.6) using Morfeus and 2.6±2.6 (6.2) using Drop alone.
INTRODUCTION
Deformable Image Registration (DIR) has become a necessary tool in a wide range of image-guided interventions. Researchers have used various deformable transformation models and optimization strategies to achieve accurate and reliable registration results [1, 2] . The transformation models are typically classified as physical models (e.g., linear elasticity, viscous fluid flow, and optical flow) or basis functions (e.g., radial basis functions, B-Splines, and wavelets) [3] . Each transformation model has advantages and disadvantages that are specific to each clinical application. A continuum biomechanical model is a general method to study the complex mechanical behavior of non-linear soft tissues. Linear elasticity is a simplified assumption that can be used in all or in parts of a general biomechanical model. Previous researchers have shown promising results for anatomical sites such as the lungs using biomechanical models [4] [5] [6] . For the lung application, a biomechanical based DIR can efficiently model the biomechanics of respiration through the breathing motion, the sliding interface between the lungs and the chest cavity, and the nonlinearity of heterogeneous lung soft tissues. Alternatively, intensity based methods typically use basis functions or optical flow as their transformation models, and often regularize the image intensity similarity measure with a specific operator (e.g., Laplacian, Navier-Lamé, Huber, Lp norm, etc.) to avoid singularity in the deformation field in order to achieve physically plausible results [7] [8] [9] [10] .
Intensity based registration methods are a naturally suitable candidate for respiration correlated, or 4D, CT data of the lungs which contains a wealth of image signal contrast. Different groups have addressed the problems of local intensity changes and mass preservation using various methods [11, 12] . Accounting for the sliding motion of the lung against the chest wall often represents a challenge for these algorithms [13] . Researchers have attempted to address the sliding interface between the lungs and the chest cavity using modifications to intensity based methods. Wu et al. [13] separated the lungs from the rest of the images using a mask, performed the registration separately in the lungs and outside of the lungs, then combined the deformations. Schmidt et al. [14] developed a demons based algorithm by decoupling normal and tangential regularizations based on discontinuities of the displacement field to allow sliding in the boundary of the lungs. Vandemeulebroucke et al. [15] developed a fully automated segmentation of the motion mask without the need for a manual segmentation. Although the accuracy of the results of these works is promising, they do not incorporate the physical modeling of the sliding motion integrated into the registration.
To benefit from the capabilities of both intensity-based and biomechanical modeling approaches Zhong et al. [16] combined the demons algorithm with a homogeneous linear elastic FEM technique in low contrast regions derived based on 4DCT images. In their work, the boundary conditions for constructed FEMs of low contrast regions were derived based on the displacement field of the initial demons registration. Their method allowed correcting the artifacts of the demons driven deformations such as irregular curvatures with the help of the FEM component in low contrast regions. However, the accuracy of the FEM component was directly dependent on the demons registration. The authors caution that the displacement of the low contrast region boundary nodes should be pre-evaluated before being used for FEM correction. Recently, Li et al. [17] proposed a hybrid DIR method for lung 4DCT images which is based on a varying intensity flow (VF) metric in a block matching framework and a voxel-wise heterogeneous linear elastic FEM. The boundary conditions for FEM were determined by spatial correspondence between the surfaces of the inhale and exhale lungs using the block matching registration with the help of VF similarity model. Moreover, the heterogeneity of the lungs was determined using a novel iterative approach based on the displacement field.
Both of the previous hybrid strategies utilized the intensity-based component only in a part of the image domain. In this work, the goal is to combine the biomechanical modeling approach with the inclusion of contact surfaces to model lung sliding motion and heterogeneous material models as presented in [18] , (referred to as Morfeus hereafter) with an validated intensity-based method based on discrete Markov Random Field (MRF) proposed by Glocker et al. [19] referred to as Drop. The general idea is to perform the registration initially in Morfeus, and then refine the displacement field by Drop registration to improve registration accuracy in the entire image domain. The main motivation behind the work as introduced earlier is to benefit from the advantages of biomechanical modeling while utilizing the remarkable image signal contrast in 4DCT data by means of an intensity-based algorithm.
METHODS AND MATERIALS
Inhale and exhale images of the lungs were obtained at the end-inspiratory and end-expiratory phases of 4DCT images with voxel size of 1.0 × 1.0 × 2.5 mm from 26 lung cancer radiotherapy patients, respectively. A subset of 5 patients was obtained from DIR-lab (http://www.dir-lab.com/) public datasets [20] while the remaining 21 patients were obtained through a Research Ethics Board (REB) approved study at the Princess Margaret Cancer Centre, Toronto, Canada. For each patient, the boundary of the lungs, body and tumor(s) were semi-automatically contoured in a treatment planning system (PINNACLE, Philips Radiation Oncology Systems, Madison, WI), and were exported as binary mask images. Triangular surface meshes were created using the binary masks by an implementation of marching cube algorithm (Interactive Data Language, IDL, Research Systems Inc). The volumetric tetrahedral mesh for each organ was then generated using HYPERMESH (version 11.0, Altair Engineering, Troy, MI). The interface of the lungs and the chest cavity was then modeled using frictionless contact surface allowing the sliding of the lungs in the pleural cavity [21] . The lungs, tumors, and body were assigned Young's moduli of 7.8KPa, 78KPa, and 1.5KP, respectively and Poisson's ratio of 0.4 with the assumption of linear elasticity [22] . Finally, a surface projection algorithm (HYPERMORPH, Altair Engineering, Troy, MI) was performed between the chest cavity surfaces to calculate the boundary conditions in the form of displacement vectors for the surface nodes of primary (inhale) model. After constructing the biomechanical model, a Finite Element Analysis (FEA) software (ABAQUS, ABAQUS Inc, Pawtucket, RI) was used to find the nodal displacement vectors (U) in a linear system of equations KU = F, derived based on Hook's law, with zero external force (F = 0) and known global stiffness matrix (K). U is essentially equivalent of a Displacement Vector Field (DVF) in the nodal locations rather than Cartesian grid of the images. In order to obtain the deformed inhale image, it is necessary to compute the inverse DVF on the Cartesian image grid of the exhale image. Let algorithm are the input image intensities, the location of the intensities in the Cartesian system, the inverse DVF in the Cartesian system, and the location of the deformed image intensities, respectively.
In the refinement step.
in Ĩ undergoes a deformable registration in order to be more precisely matched with the exhale image without distorting the biomechanical properties of the original DVF ( m in ex T ). The choice of the intensity-based algorithm for this step was Drop [19] . This algorithm is based on discrete MRF and provides a fast and reliable B-spline based registration with a variety of similarity measure choices. Drop does not require calculation of a similarity measure derivative due to its incremental deformation estimation functionality. It also enables a maximum displacement magnitude for the B-spline control points to avoid foldings (or singularities in the Jacobian matrix), and allows a diffeomorphism DVF. Therefore physically unrealistic deformations are avoided.
Most of the parameters required for the Drop refinement step, were chosen empirically to result in reasonably smooth and visually acceptable deformations. The similarity measure was set as Sum of Absolute Difference (SAD). Previous researchers have shown that this metric could result in lower registration accuracy in patients with significant local intensity changes [12, 23] . However, the current application of SAD seems to be appropriate due to the smaller residual deformations at this stage where the majority of the lung tissues have been aligned with the exhale image content. Three of the important parameters including spacing of the B-spline control point grid, number of image and grid pyramids, and regularization coefficient were explicitly adjusted by measuring the average mean and 90 th percentile Target Registration Error (TRE) amongst 10 randomly selected patients (out of the total of 26). Interested readers are encouraged to refer to the original paper by Glocker et pairs of airway and vessel bifurcation landmark points per each lung for each patient on inhale and exhale images were identified by an experienced radiation therapist (MV) to quantitatively assess the registration accuracy by calculating TRE. The efficacy of the Hybrid algorithm was demonstrated by comparing TRE results between Morfeus and Drop. To avoid bias, the three important Drop parameters (spacing of the B-spline control point grid, number of image and grid pyramids, and regularization coefficient) were separately optimized for direct registration of inhale to exhale images, and for the refinement registration step from deformed image to exhale image.
RESULTS

Parameter selection
Important Drop parameters for both direct Drop and Hybrid registrations were optimized by performing a series of registrations on a subset of 10 randomly selected patients out of the 26 total cases. The parameters include the number of pyramid levels, the B-spline control point grid spacing, and the regularization coefficient. Figures 1a-c show the average mean and 90 th percentile TRE values of all 10 patients using different parameters for the refinement step in the hybrid method while figures 1d-f illustrate the results of the similar experiments for the direct Drop registration. The experiments were performed from left to right, and the optimized parameter at each step was used for the remaining set of experiments. For the first experiment (effect of grid spacing) a one-level pyramid was used. Based on both average mean and 90 th percentile TRE, as the grid spacing is reduced the registration accuracy improves (Figures 1.a and 1.d) . As illustrated in figure 1 .a, grid spacing of 4 mm results in less accurate registrations than 8 mm as the optimization likely got stuck in local optima. A similar pattern is observed for the direct Drop registration with an optimal 16 mm grid spacing (Figure 1.d). Figures 1.b and 1 .e show that average and 90 th % TRE were generally reduced if more image resolutions and grid pyramid levels were used. This is in accordance with previous researchers' results in which multiresolution registration has been shown to result in accurate and robust results [24] . Based on the average 90 th percentile, a 5-level pyramid was selected to reduce the larger uncertainties in the registrations (the same number was chosen based on Figure 1 .e). Finally, Figures 1.c and 1 .f indicate that regularization coefficients of 3.0 and 0.25 were the proper choices. It should be noted that in all the experiments, Sum of Absolute Differences (SAD) was chosen as the similarity measure. Therefore, the optimal values for regularization coefficient allowed suitable amount of deformations with good accuracy for the refinement and direct Drop registrations, respectively, only if SAD is used. The final parameter selection for both refinement and direct Drop registrations are summarized in Table 1 . These experiments showed the sensitivity of registration accuracy with respect to a subset of Drop parameters. Table 2 summarizes the overall TRE, the TRE within a 20 mm of the tumor boundary, and the tumor volume for each patient. The main purpose of reporting the TRE values in such tumor regions is to provide detailed information regarding the approximate alignment of the tumor neighborhood in addition to the tumor itself where there is a possibility of microscopic disease. It should be noted that patients 17, 18, and 19 did not have discernible tumors in their images. Therefore, for those 3 patients no results at or near the tumors are available. Overall, the TRE improved using the Hybrid method compared to either Morfeus and Drop alone, for both the overall TRE and within 20 mm of the tumor boundary. The results within 20 mm of the tumor boundary should be interpreted with caution as the majority of patients only had an average of 6 TRE points were identified in the tumor proximity. is set to 5 to include a wide range of TRE values in the whisker representation of each box. Unpaired two-sampled heteroscedastic 2-tailed student t-tests were used to analyze the statistical power by separately comparing Hybrid results against Morfeus and Drop. The average mean±SD was 1.5±1.4 mm using the hybrid method compared to 3.1±1.9 mm and 2.6±2.6 mm by Morfeus and Drop, respectively (p<0.0001). Furthermore, by looking at the 90 th percentile (shown using a small color filled rectangle on the whisker of each box) the hybrid method reduced the residual TRE values for all patients with the only exception of patient 16. Overall, the 90 th percentile TRE was 5.6 mm and 6.2 mm using Morfeus and Drop, respectively. This was significantly reduced using the Hybrid method to 2.9 mm (p<0.0005). Figure  2b illustrates the cumulative TRE curves using over 2100 landmark points indicating the substantial improvement in accuracy of the Hybrid method compared to Morfeus and Drop. It should be noted in order to avoid bias as a result of difference in number of identified points for each patient, the point errors are normalized in the distribution calculations.
Overall TRE results
Jacobian
For all three methods, the determinant of the Jacobian matrix (referred to as Jacobian) was calculated based on the DVFs. None of the methods produced negative values indicating physically plausible and invertible deformation fields. Morfeus, as a biomechanical modeling registration algorithm, naturally generates deformations that are physically plausible and invertible, and therefore results in non-negative Jacobian. Drop uses a restriction value for the B-spline control point maximum displacement to avoid negative Jacobian.
DISCUSSION AND CONCLUSION
In this work, a hybrid deformable image registration combining biomechanical with intensity-based models was presented. Previously, Zhong et al. [16] investigated a similar combination. In their approach, a demons registration was initially performed and then was further improved in low-contrast regions using biomechanical modeling to have a combined methodology. However, in this paper, biomechanical modeling has a major initial role in driving the registration. Morfeus models the approximate physical deformation of the lungs based on surface matching as the boundary condition to the biomechanical problem and modeling the lungs using linear elastic materials and allowing a contact surface between the lungs and the chest cavity. This allows for a large displacement of the diaphragm and deformation in the lungs while accounting for the differential movement of the ribs. Large error in the ribs is one of the most common drawbacks of the majority of intensity-based techniques in lung DIR [13] . A fine refinement step using Drop allows reduction of the residual errors while preserving the desired properties of Morfeus.
Multimodality, large deformation, limited FOV
The proposed Hybrid method may be especially beneficial in applications where there is large deformation. In this study, the hybrid method improved the Morfeus average TRE results by at least 1.5 mm for patients with more than 20 mm deformation magnitude. The results of this study show that the Hybrid approach can recover the accurate and physically plausible approximation of the deformations in a two-step process. First, it finds the major part of the deformation by the biomechanical component, and then it refines the residual deformation using a controlled B-spline based intensity-based algorithm. Similarly, the Hybrid approach can be useful in applications where the Field Of View (FOV) on the primary image set is only partially overlapping with the secondary image set. In such cases, the biomechanical component has the advantage of being independent of the image content, thus being able to initially bring the region of overlap into alignment. The registration can be further refined by the intensity-based component. In the Hybrid approach, the residual misalignment between the overlapped regions after biomechanical registration is normally limited. Therefore, it is unlikely for the intensity-based registration to result in any unrealistic deformations in attempt to match the overlapped anatomy with the outside of the FOV features (present only on one of primary or secondary images). Another potential benefit of the Hybrid approach is multimodality registration. Intensity-based registration algorithms can suffer from local optima when the images are from different modalities due to several reasons including large differences in intensity distributions, cost function interpolation methods, and local intensity changes [25] . The Hybrid approach can potentially minimize the chance of getting trapped in a local optimum for the intensity-based component by limiting the deformations to only residual errors of biomechanical modeling registration.
Future Improvements
This initial study has provided promising preliminary results. However there are still areas that can be improved to ensure consistently accurate registration across the entire image for all patients. For instance, in a small number of patients, shown in Figure 2 .a., (e.g., patient 16, or 18) the maximum TRE using Hybrid method is larger than Morfeus (shown as outlier points). The primary reason is that the Drop parameter adjustment for the refinement step was generally setup to work well in cases where the residual error of Morfeus is limited to the maximum TRE range. However, for these cases, visual inspection reveals that some part of the deformed image using Morfeus (including the thoracic regions outside of the lung) show significant misalignment with the target image which is not captured by the points used to calculate TRE. Thus, the Drop optimization starts with an input that has already an image with larger than expected errors. This mismatch eventually leads to unexpected errors in some local regions inside the lungs. Moreover, the uncertainties due to interpolation artifacts in the initial deformed image used in refinement step can also lead to the outliers for the Hybrid method. Interpolation artifacts can cause wrong local optimum for the similarity measure (SAD) in Drop refinement step, which then leads to aligning a region with a wrong anatomy farther away from the true correspondent landmark position. These issues can be addressed in the future works by more efficient implementation of the algorithms including the linear interpolation technique used to deform the images using Morfeus.
Clinical Applications
An accurate DIR algorithm can play a significant role in the image-guided radiation treatment of lung cancer patients. An important application for such algorithm is dose accumulation, where the radiation dose is summed over the course of the treatment ranging from one to several weeks. To precisely track the radiation dose being delivered based on an original treatment plan, accurate DIR is essential to model changes in the patient setup, breathing motion, tumor response or growth, and radiation side effects. This process is especially important where the extent of deformation and changes to the anatomy is so dramatic that the patient is either receiving less dose to the tumor or more dose to the organs-at-risk compared to the planned doses. In these cases, patients may require an adaptive re-plan. The role of an accurate DIR becomes more apparent where it can detect such drastic deviations in dose. An appropriate DIR adds minimum uncertainty in the process, and subsequently help identify the remaining uncertainties in the treatment delivery and/or planning. 
